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Abstract To assess the role of 14-3-3 proteins in the
magnesium-dependent inhibition of nitrate reductase (NR) we
tested the effect of magnesium on NR binding to 14-3-3s by
coimmunoprecipitation and gel filtration. The stability of the 14-
3-3 complex of NR was, unlike its activity, unaffected by
magnesium. We therefore conclude that binding to 14-3-3s per se
does not inhibit NR. Magnesium inhibited 14-3-3-bound NR
much more strongly than 14-3-3-free NR. 14-3-3s possibly
reinforce NR inhibition by magnesium. ß 2000 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction
14-3-3 proteins are highly conserved and ubiquitously ex-
pressed eukaryotic proteins [1]. 14-3-3s exist as homo- or het-
erodimers, are generally thought to promote communication
between proteins as linkers or molecular frameworks and ap-
pear to be involved in a panoply of signalling pathways [2].
The exact functions of 14-3-3s are largely unknown. Many
enzymes share a so-called 14-3-3 binding site containing a
phosphorylated serine residue [3]. In plants, an increasing
number of 14-3-3 ligands have been identi¢ed, including the
metabolic enzymes nitrate reductase (NR; EC 1.6.6.1) and
sucrose-phosphate synthase (SPS; EC 2.4.1.14) [4^8].
Phosphorylation of spinach leaf NR in the hinge 1 region
on serine 543 creates a binding site for 14-3-3s and leads to
NR inhibition in the presence of divalent cations and 14-3-3s
[4,5,9^12]. The mechanism of this inhibition is poorly under-
stood. It is currently believed that 14-3-3 binding to NR re-
quires divalent cations and that such binding alone inhibits
NR [10^15]. However, this rather simple explanation might be
misleading since it is only based on indirect evidence: (1) a
magnesium requirement for the non-transient drop of NR
activity upon NR phosphorylation and binding to 14-3-3s
[4,7,15^17], and (2) a weak stimulation by magnesium of 14-
3-3 binding to short synthetic phosphopeptides [5,17] that
have a larger conformational freedom than their correspond-
ing proteins. Notably, a magnesium requirement for the phys-
ical association of NR with 14-3-3s (so far examined by blot
overlay [7] or the yeast dihybrid system [9]) was not demon-
strated. A conserved acidic stretch in the N-terminus of NR
has been proposed to be involved in the inactivation of the
enzyme [18]. This has led to the speculation that an activating
factor is released from NR upon NR phosphorylation and
binding to 14-3-3s [19]. Such factor has not been identi¢ed
and the acidic stretch has been shown to be unnecessary for
the 14-3-3 and magnesium-dependent inhibition of the enzyme
[16].
Here, we tested the proposed function of 14-3-3s as inhib-
itors of NR by coimmunoprecipitation and gel ¢ltration, two
classical and powerful techniques to examine protein^protein
interactions under native conditions. We assessed the stability
of the 14-3-3 complex of NR with or without magnesium and
asked how this a¡ects NR activity.
2. Materials and methods
2.1. Materials, extraction, fractionation and detection of proteins,
NR activity assay
Growth of spinach, protein extraction from leaves and NR activity
assays with MgCl2 or EDTA (3 min assays without preincubation of
the extract) were carried out as previously [15] except that the follow-
ing extraction bu¡er was used: 50 mM MOPS/NaOH, 150 mM NaCl,
5 mM MgCl2, pH 7.5, 1 mM DTT, 0.5% (v/v) Triton X-100 and 0.5
mM freshly prepared PMSF.
Gel electrophoresis, Western transfer and immunodecoration were
done according to [20]. The amounts of NR or 14-3-3s were measured
as in [21] : immunoprecipitated, partially puri¢ed or crude proteins
were gel fractionated in parallel to serial dilutions of puri¢ed NR or
14-3-3s of known protein contents, blotted and quanti¢ed after they
were immunodecorated or stained with Coomassie brilliant blue R
250.
2.2. Antibody production and protein puri¢cation
Serum antibodies were raised in rabbits (New Zealand Whites).
Peptide antigens were prepared by coupling synthetic peptides
(DRQYHPAPMSGVVRTP or QPNLDKMGFDIKE, close to N-
or C-terminus of spinach leaf NR) to Keyhole limpet hemocyanin
[22]. Antisera to full length 14-3-3s were raised against puri¢ed 14-
3-3s. They were puri¢ed from spinach leaves as in [5].
14-3-3s were coprecipitated with NR as in [21]. The e⁄ciency of NR
immunoprecipitation was s 90% if crude enzymes from illuminated
or darkened leaves or if partially puri¢ed and in vitro phosphorylated
or dephosphorylated enzymes were used. This was assessed from NR
protein that was precipitated and that was left in the supernatant after
precipitation. Both NR antibodies crossreacted with a single band at
110 kDa since such band was not decorated in the presence of anti-
genic peptides.
14-3-3-free NR with NR-kinase and -phosphatase was partially
puri¢ed with polyethyleneglycol and by anion exchange [23]. Enzymes
were gel ¢ltrated at 4^6‡C on a Sephacryl S300 HR 16/60 column
(Pharmacia) with bu¡ers as indicated (Fig. 2). 1.0-ml fractions were
collected at 0.20 ml/min.
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3. Results and discussion
3.1. Binding to 14-3-3s does not inhibit NR unless magnesium is
present
NR is well known to be rapidly inactivated by phosphory-
lation and binding to 14-3-3s in leaves upon a light/dark tran-
sition [14]. To test whether NR binding to 14-3-3s requires
divalent cations and is disrupted in the presence of excessive
EDTA [10^15], we prepared crude extracts from darkened
leaves. We then checked the stability of the 14-3-3 complex
of NR by coimmunoprecipitation in the presence or absence
of magnesium. The absence of magnesium did not reduce the
amount of 14-3-3s that were pulled down together with NR
(Fig. 1). So, the stability of the 14-3-3 complex of NR was,
unlike its activity (Table 1) [10^15], una¡ected by magnesium.
This was con¢rmed by gel ¢ltration (Fig. 2). Magnesium had
only little, if any, in£uence on the elution of NR (Fig. 2A) or
14-3-3s (Fig. 2B) from a sizing column that was loaded with a
mix of partially puri¢ed and phosphorylated NR. 14-3-3s
eluted in two major peaks. The narrower second peak coe-
luted with puri¢ed 14-3-3s (not shown). Hence, the broader
¢rst peak were probably ligand-bound 14-3-3s and the second
peak ligand-free 14-3-3s. Since we used only partially puri¢ed
NR, the 14-3-3s in the ¢rst peak were probably bound to
ligands in addition to NR. To assess how much of the 14-3-
3s in the ¢rst peak were bound to NR, we removed NR from
partially puri¢ed enzymes by immunoprecipitation before they
Fig. 1. The 14-3-3 complex of NR is stable without magnesium.
After leaves were darkened for 30 min, protein extracts were pre-
pared, desalted over a Sephadex G25 column into extraction bu¡er
without Triton and NaCl and brought to 100 nM okadaic acid. NR
was then precipitated after the extracts were incubated with antibod-
ies to the N-terminus at 23‡C for 30 min in the absence or presence
of free magnesium (with or without 10 mM EDTA). The precipi-
tates were fractionated on 12% Laemmli gels and NR or 14-3-3s
were immunodecorated following their transfer onto a Immobilon P
membrane. Results show the 110-kDa NR monomer and the 30/32
kDa 14-3-3 doublet that was pulled down together with NR. The
14-3-3 binding stoichiometry of NR was 1.7. The antibodies failed
to precipitate NR or 14-3-3s in the presence of antigenic peptide.
Table 1
Magnesium inhibition of NR remains after immunoprecipitation and EDTA treatment
Conditions NR activity (Wmol h31 g31 FW)
Magnesium assay EDTA assay
Crude extract 4.6 þ 0.3 24 þ 3
After immunoprecipitation with magnesium 4.4 þ 0.4 21 þ 2
After immunoprecipitation with EDTA 4.6 þ 0.4 20 þ 3
Data are based on the experiment described in Fig. 1. NR activity was assayed with 10 mM MgCl2 or 15 mM EDTA: (1) in the crude extract
before immunoprecipitation; and (2) after immunoprecipitation in resuspended immunoprecipitates. Data are means þ S.E. from three independ-
ent experiments.
Fig. 2. Magnesium hardly in£uences gel ¢ltration of the 14-3-3 com-
plex of NR. NR was partially puri¢ed, desalted, and incubated at
room temperature for 30 min to: (1) dephosphorylate NR or (2)
phosphorylate NR after addition of 5 nM okadaic acid and 20 WM
ATP. The phosphorylated NR was then mixed with puri¢ed 14-3-3s
(7 Wg per Wg NR) and gel ¢ltrated without (O) or with (b) free
magnesium (extraction bu¡er minus Triton with or without 10 mM
EDTA, respectively). Aliquots were taken from the eluted fractions
to measure by densitometry the intensity of the immunodecoration
of NR (A) or 14-3-3s (B) following protein fractionation on 10%
Laemmli gels and Western blotting. (C) Phosphorylated (b) or de-
phosphorylated NR (S) was gel ¢ltrated without EDTA and ana-
lyzed for NR as above. Recovery of loaded NR (protein and activ-
ity with or without magnesium) or 14-3-3s after gel ¢ltration was
between 88 and 96%. Gel ¢ltration was calibrated with thyroglobin,
catalase, albumin and chymotrypsinogen A (670, 230, 67 and 25
kDa).
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were mixed with 14-3-3s and gel ¢ltrated as described in Fig.
2. In this control experiment (not shown), the second 14-3-3
peak was about 30% larger than in Fig. 2B at the expense of
the ¢rst peak. This suggests that at least a minor portion of
the 14-3-3s in the ¢rst peak (Fig. 2A) was bound to NR
during gel ¢ltration in both, the presence or absence of free
magnesium.
As one would expect for 14-3-3-free NR, NR eluted later if
loaded without 14-3-3s (Fig. 2C). Interestingly, without the
14-3-3s, dephosphorylated NR eluted earlier than phosphory-
lated NR (Fig. 2C). It is possible that dimeric NR had fallen
apart into monomers during the sizing step upon phosphory-
lation in the absence of 14-3-3s. A possible function of 14-3-3s
might therefore be to stabilize native NR upon phosphoryla-
tion which is reminiscent to the generally proposed function
of 14-3-3s as molecular frameworks [2].
3.2. Magnesium inhibits all NR forms, in particular the
14-3-3 complex
As can be inferred from the stability of the 14-3-3 complex
of NR, binding to 14-3-3s per se cannot explain NR inhibi-
tion. Alternatively, it is conceivable that magnesium inhibits
NR after NR has bound to 14-3-3s. To test this, we puri¢ed
serine 543 phospho- or dephospho-NR and the 14-3-3 com-
plex. We then determined the inhibition by magnesium of
each NR form. As shown in Fig. 3, magnesium inhibits the
14-3-3 complex most strongly. The complex was almost com-
pletely inhibited by 10 mM magnesium that is used in our
standard assay conditions to measure the activation state of
NR [15]. Magnesium inhibited 14-3-3-free NR only weakly
(Fig. 3). Interestingly, the extent of this inhibition varies
among plant species; e.g. magnesium inhibits 14-3-3-free
NR from ricinus leaves much more strongly than the spinach
enzyme for yet unknown reasons [24].
4. Concluding remarks
In short, we provide compelling evidence that spinach leaf
NR is inhibited by magnesium plus 14-3-3s because magnesi-
um strongly inhibits the 14-3-3 complex of NR and not, as
presently claimed [10^15], because of the binding of 14-3-3s to
NR. 14-3-3s obviously reinforce NR inhibition by magnesium.
It is currently unknown which part of the 14-3-3 complex of
NR binds to magnesium. Recent evidence indicates that mag-
nesium binds to 14-3-3s [25]. It is also possible that magnesi-
um binds to both, NR and 14-3-3s upon formation of the
complex. Perhaps, upon binding to NR, the 14-3-3s bring
magnesium closer to NR (Fig. 4, right). Alternatively, binding
to magnesium might let the complex twist into a catalytically
inactive form (Fig. 4, left). If any activating factor is involved
in NR inhibition [19], such factor should be released upon
binding of the complex to magnesium.
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